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Some effects of dissolved fluoride on the establishment 
and growth of the two most common mangrove species of 
the Natal coast have been evaluated in view of the 
increasing offshore discharge of this potentially toxic 
pollutant. Young plants of Avicennia marina (Forssk.) Vierh. 
were found to be tolerant to substrate fluoride levels as 
high as 50 p.p.m., this species translocating and excreting 
the halogen. The growth of Bruguiera gymnorrhiza (L.) Lam., 
on the other hand, was severely retarded, this species 
accumulating far higher levels of tissue fluoride than did A. 
marina, and gross cellular and subcellular abnormality 
occurred. 
S. Afr. J. Bot. 1985, 51: 439-447 
Sommige effekte van opgeloste fluoried op die vestiging en 
groei van die twee mees algemene wortelboomspesies van 
die Natalse kus is geevalueer in die lig van toenemende 
uitskeiding van hierdie potensieel toksiese besoedelings-
middel langs die kus. Jong plante van Avicennia marina 
(Forssk.) Vierh. het geblyk substraatfluoriedvlakke so hoog 
as 50 d.p.m. te verdra, aangesien hierdie spesie die halo-
geen vervoer en uitskei. Die groei van Bruguiera 
gymnorrhiza (L.) Lam., in teenstelling hiermee, is ernstig 
vertraag, aangesien hierdie spesie baie hoer vlakke van 
weefselfluoried opgaar as A. marina, en grootskaalse 
sellulere en subsellulere abnormaliteite het voorgekom. 
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lntroducution 
Fluoride injury in non-tolerant plant species is correlated with 
the accumulation of this halogen in the tissues, particularly 
in the leaves (Chanlett 1973). Although many soils do have 
a high fluoride content, most of it is bound in forms not 
assimilated by plants. However, as fluoride is a naturally 
occurring environmental constituent, plants generally do 
contain this ion, although the concentrations to which it can 
be accumulated vary greatly from species to species. Certain 
plants, for example Dichapetalum cymosum (gifblaar), appear 
to be tolerant of very high levels of fluoride, this resulting 
from conversion of the inorganic form to an organofluoride, 
generally monofluoroacetate. This compound is, however, 
toxic to animals (Drury et a!. 1980). 
However, the presence of normal amounts of fluoride not 
generally assimilated in the natural environment, is very 
different from the situation in which there is a substantial, 
continuous input of fluoride in a form which is absorbed by 
plants. Phosphorus extraction facilities and aluminium 
smelters are two types of industry which are noteworthy in 
terms of the release of fluoride-containing wastes, and the 
flora in the vicinity usually has an increased fluoride content 
(Drury et a!. 1980). For example, Treshow et a!. (1967) 
described the total annihilation of 200 acres of Douglas Fir 
in the vicinity of a phosphate reducing plant, and Carlson 
(1973) reported that increased fluoride levels correlated with 
retarded growth and chlorosis in a wide spectrum of plants 
in the vicinity of an aluminium smelter in the USA. 
The same spectrum of damage is produced in plants by 
fluoride whether taken up by the roots or through the leaves 
(Drury et at. 1980). Observable fluoride damage, in addition 
to growth retardation and chlorosis, includes necrosis and leaf 
abscission. Ali these effects result from a multiple series of 
deleterious events at the molecular and subcellular levels 
(Chang 1975). F1uoride is a well documented enzyme inhibitor, 
acting via a drop in cationic cofactor availability by complex 
formation, and, depending on the levels and the species 
involved, adversely affects photosynthesis (Drury et at. 1980), 
respiration and RNA metabolism (Chang 1975), glycolysis 
(Ross et a!. 1962), and creates a deficiency of calcium (Drury 
et at. 1980). Virtually all subcellular components have been 
shown to be adversely affected by fluoride accumulation in 
plants sensitive to this halogen, and cell wall degeneration also 
occurs (Threshow et at. 1967; Carlson 1973; Chang 1975; 
Drury et a!. 1980). 
Mangrove swamps are important components of the tropical 
and subtropical coastal ecosystem, providing food and shelter 
for many vertebrate as well as invertebrate animals, several 
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types of which are exploited for human consumption (van 
der Elst 1977). The present study examines the effects of 
dissolved fluoride on the establishment and growth of 
propagules of the mangroves Avicennia marina (Forssk.) 
Vierh. and Bruguiera gymnorrhiza (L.) Lam. It was 
undertaken in view of the increasing industrialization involving 
the release of fluoride-containing effluents into the water in 
the proximity of the mangroves at Richards Bay. It is hoped 
that the results will be practically applicable in terms of 
environmental impact assessments which should precede any 
elevated release of this halogen into the marine environment. 
Materials and Methods 
Freshly shed propagules of both species of mangrove were 
collected from the Beachwood Mangroves Nature Reserve at 
the mouth of the Mgeni River, Durban. 
Maintenance of material 
The propagules of B. gymnorrhiza were established and grown 
hydroponically in 500Jo and 1 OOOJo sea water containing all 
essential nutrients, with 0 (control), 10 or 50 p.p.m. F - above 
natural sea water concentration (1 ,4 p.p.m.). Propagules of 
A. marina were initially allowed to establish in vermiculite, 
moistened with distilled water, which was replaced by 
Modified Hoagland's Culture Solution (Epstein 1972) as soon 
as the first pair of leaves had emerged. When the second pair 
of leaves had emerged, the seedlings were transferred to 
individual 200 m1 bottles each containing either 500Jo or 1 OOOJo 
sea water with all the essential nutrients and 0, 10 or 50 p.p.m. 
additional F -. The culture solutions were kept at constant 
volume by topping up with distilled water when necessary, 
and the entire content of each bottle was replaced every two 
weeks. Fifty propagules of each species were used per 
treatment. 
Gross measurements 
Internodal length was measured for each plant at intervals 
and foliar area was determined for individual leaves of 10 
randomly selected plants for each treatment. 
Microscopical studies 
Excised portions of leaves and root tips were prepared for 
electron microscopy according to the procedure described by 
Drennan & Berjak (1982), and sections suitable for light or 
transmission electron microscopy were cut from the same 
blocks. These were routinely examined for microscopic and 
ultrastructural features and, at the light microscope level, were 
also used for morphometric analysis. 
Fluoride determinations 
Fluoride analyses were performed on the growth media and, 
at the end of the study period (190 days), the fluoride content 
of root and leaf tissue was determined for both species, as 
well as for the exudate collected from A. marina leaves. 
To 25 ml of the growth medium or the dried exudate taken 
up in 25 m1 distilled water, 25 m1 of TISAB buffer was added 
with gentle stirring. The fluoride ion concentration was 
determined using a F- specific ion electrode (Orion). [TISAB 
buffer: 114 m1 glacial acetic acid; 116 g NaCI; 8 g Titriplex 
IV (CDT A); 1 I distilled water. The components were well 
mixed, the pH adjusted to 5,2 using 200 g I- 1 NaOH and 
the volume made up to 2 I. The buffer was stored in glass.] 
For root or leaf material, 10 g (fresh mass) was dried at 
110 oc overnight, crushed and transferred to platinum 
crucibles of known mass. The material was ashed for 2 h at 
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910 oc and the mass of the cooled samples determined. The 
material was then placed in the outer ring of a Conway cell 
together with 1 - 2 drops of 50 p. p.m. F- solution of known 
mass. A collecting cup containing 1,0 ml of 0,5 M NaOH 
was introduced into the central portion of the Conway cell 
and the lid sealed into place with silicon grease. Three ml of 
6,8 M perchloric acid and 1 ,0 ml of 6,0 M HCI saturated 
with hexamethyldisiloxane were introduced into the cell via 
an inlet in the lid. The sealed Conway cells were mechanically 
rocked overnight. The collecting cup was then transferred to 
a 100 ml polythene beaker to which 9,0 ml of TISAB buffer 
was added, which served to rinse out and dilute the solution 
from the collecting cup. The solution was mechanically stirred 
and the fluoride content determined using the Orion F-
specific ion electrode. The known amount of F- added during 
the procedure was subtracted from the value obtained, and 
the results were expressed as J..Lg F- g- 1 dry mass. 
Results 
The trends described below were generally similar in material 
maintained in 500Jo or 1000Jo sea water. However, as both 
A. marina and B. gymnorrhiza have been found to grow 
better in the more dilute medium, the results are reported for 
material maintained in 500Jo sea water, unless otherwise stated. 
The deleterious effects of fluoride on B. gymnorrhiza were 
qualitatively similar in plants grown in media containing 10 
p.p.m. and 50 p.p.m. fluoride, the amount of damage 
incurred being proportionally greater in plants maintained at 
the higher concentration. The results described below for both 
species are for material maintained in growth media containing 
50 p.p.m. fluoride, unless otherwise indicated. Roots were 
sampled for microscopic examination after 115 days, and 
leaves after 145 days maintenance in control or experimental 
situations. 
A. marina showed no deleterious effects of fluoride 
treatment at the whole plant level, irrespective of the substrate 
concentration of this ion, nor were any ultrastructural abnor-
malities visible (see below). Young plants of B. gymnorrhiza, 
on the other hand, exhibited markedly retarded growth, 
internodal length and leaf area (Figure 1) being increasingly 
depressed with increased fluoride concentrations in the growth 
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Figure 1 Total leaf area of B. gymnorrhiza plants, grown in 50% sea 
water (control) and 50% sea water containing 50 p.p.m. fluoride. 
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Figure 2 Fluoride content of leaf (2a) and root tissue (2b) of the two 
mangrove species after 190 d growth. (2c) The fluoride content of the 
foliar exudate of A. marina sampled at the same time. 
medium. Fluoride accumulated in the tissues of both man-
grove species, particularly in the leaves, the levels being higher 
in material maintained in 500Jo sea waer. (For example, for 
the leaves of B. gymnorrhiza, 144 as compared with Ill J..Lg 
p- g- 1 for material grown in 50% and 100% sea water, 
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respectively.) The levels of tissue fluoride in mature leaves and 
roots were, however, very different in the two species (Figures 
2a & b). In A. marina the foliar exudate also contained high 
fluoride levels (Figure 2c), particularly when the plants had 
been maintained in 50% sea water. 
Macroscopic chlorotic spots were first noticed at the leaf 
margins of B. gymnorrhiza after approximately 100 days 
maintenance in both fluoridated growth media. The lesions 
started as small spots which enlarged with time, ultimately 
coalescing to form large chlorotic areas at the leaf margins. 
No such effects occurred in A. marina. 
There were no discernible anatomical abnormalities in either 
root or leaf tissue of A. marina (Figures 3a- d), and no ultra-
structural differences occurred in material which had been 
maintained in the fluoridated growth media, compared with 
the control (Figures 4a- d). In B. gymnorrhiza, on the other 
hand, both root and leaf anatomy differed between experi-
mental and control material. Sections taken within the distal 
10 mm of the roots of 50 p.p.m. fluoride-treated plants 
showed that, compared with the control material (Figure 5a), 
substantial proliferation and thickening of the xylem had 
occurred at both the cell and tissue levels and cortical inter-
cellular space formation had taken place (Figure 5b). At the 
ultrastructural level, another abnormality in root cells of B. 
gymnorrhiza was seen to be the deposition of electron-dense 
material in association with the walls (Figure 6a), and cell 
collapse had occurred (Figure 6b), the latter event probably 
largely accounting for the untimely appearance of intercellular 
spaces. 
Chlorosis and reduction in volume of leaves of B. gym-
norrhiza, which occurred in the fluoride-treated plants, was 
accompanied by palisade and spongy mesophyll cell degenera-
tion and collapse (cf. Figures 7a & b), such that a reduction 
in total cell number resulted (Figure 7c). Concomitantly, the 
relative volume fraction of the leaf occupied by intercellular 
space increased. This fluoride-associated response in the leaves 
of B. gymnorrhiza was observed in both green and chlorotic 
regions of the leaf but was far more pronounced in the latter. 
Comparing control material of B. gymnorrhiza (Figure Sa) 
with that which had been fluoride-treated, considerable 
deterioration was seen to have taken place at the ultrastructural 
level in mesophyll cells of the latter (Figure 8b). In particular, 
chloroplasts and mitochondria were internally disorganized 
(cf. Figures 9a & b), fmally appearing to have no fme structure 
commensurate with normal photosynthetic or respiratory 
capacity. Subcellular degeneration and cell collapse, while 
prevalent in the green areas of the leaves, were, not 
surprisingly, more frequent in the chlorotic regions. Wall-
associated electron-dense deposits, as described for the roots, 
also occurred in the leaves of plants maintained in the 
fluoridated growth media. 
Discussion 
Fluoride is a natural component of soils and our analyses have 
shown the sea water used to have an inherent fluoride content 
of 1,4 p.p.m.: This is the normal level for sea water (Drury 
et a/. 1980). According to those authors, although much of 
the naturally occurring fluoride is complexed and unavailable 
to plants, all plants appear to assimilate some fluoride and 
the two mangrove species presently investigated have proved 
to be no exception. Both A. marina and B. gymnorrhiza must 
therefore be tolerant of low tissue fluoride levels and, indeed, 
in very low concentrations this ion may have certain stimulatory 
effects (Yu & Miller 1967; Chang 1975). However, presently, 
fluoride levels in Richards Bay may be as high as 10 p.p.m. 
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Figure 3 The anatomy of the control root and leaf tissue of A. marina (3a & 3b) appeared to be no different from that of plants grown in 
the presence of fluoride (3c & 3d). 
(D.D. Airey, pers. comm.) and might well rise substantially 
with increasingly heavy industrialization as long as the 
concomitant practice of discharging effluent into the water 
continues as at present. 
The availability of dissolved fluoride to plants depends on 
several factors, including nutrient levels of the substratum or 
soil water (Brennan et a!. 1950) and the pH (Prince et a!. 
1949). The inflow of river and canal water of variable pH 
(depending on the nature of the substratum and the degree 
and type of pollution) into Richards Bay could cause marked 
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Figure 4 Examination of fluoride-treated leaf tissue shows that the halogen had no effect on the ultrastructural status of the palisade tissue 
of A. marina (4a & b, control; 4c & d, fluoride-treated material). N - nucleus; M - mitochondrion; C - chloroplast; Gr - grana. 
fluctuations in the proportion of available:non-available 
fluoride. This ion might well be found to become more freely 
available to plants during low tide periods, under the influence 
of river water which normally tends to be acidic (Blatt et a!. 
1972). 
The present study has indicated that establishing propagules 
of B. gymnorrhiza are extremely sensitive to dissolved fluoride, 
even at substrate concentrations as low as 10 p.p.m. 
Proliferation of the xylem was found to occur distally in the 
roots of only fluoride-maintained propagules of B. 
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Figure 5 Fluoride-treated B. gymnorrhiza root tissue exhibited proliferation of the xylem and the formation of cortical intercellular spaces (5b), 
which did not occur in the control tissue (Sa) . X - xylem; Ic - intercellular space. 
Figure 6 At the ultrastructural level, the root tissue of fluoride-treated B. gymnorrhiza showed electron-dense deposits in association with the 
cell walls (6a), and cell collapse also occurred (6b) . E - electron-dense deposit. 
gymnorrhiza. In this regard, Treshow eta/. (1967) summarized 
data indicating that vascular parenchyma in pine needles 
became enlarged and distorted as a consequence of atmos-
pheric fluoride pollution, and Carlson ( 1973) described 
eventual collapse of xylem and phloem as a result of fluoride 
injury, also in pine needles. In B. gymnorrhiza, formation of 
substantial cortical intercellular spaces also accompanied xylem 
proliferation. Although Lawton et a/. (1981) described the 
formation of secondary xylem and air spaces as a normal 
developmental event in B. gymnorrhiza roots, this occurs some 
50 mm from the root apex. It seems less likely, in the present 
study, that normal developmental events have been entrained 
precociously, than that the xylem proliferation and cortical 
intercellular space formation within 10 mm from the root apex 
are abnormal responses to the presence of fluoride in the 
tissues. 
The presence of dense deposits in the cell walls and, in 
particular, the collapse of these bounding structures, is similar 
to fluoride-induced abnormalities reported by other workers 
(e.g. Treshow eta/. 1967; Chang 1975). Fluoride is known 
to accumulate in the cell wall and to interfere with normal 
cellulose synthesis (Drury et al. 1980). It is possible that the 
observed cell wall abnormalities in both root and leaf tissue 
of B. gymnorrhiza may be at least a part-consequence of such 
an effect of fluoride. 
The ultimate collapse of cells also occurred in the leaves 
of fluoride-maintained B. gymnorrhiza, especially in the 
palisade layers. This was particularly noticeable in the chlorotic 
areas where, in extreme cases, total disappearance of this tissue 
occurred. As in the roots, cell collapse was preceded by patchy 
abnormality of the walls, manifested by the occurrence of 
numerous electron-dense areas. In experimental tomato and 
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Figure 7 Fluoride-treated B. gymnorrhiza leaf tissue showed degeneration of the palisade cells (7b) compared with the aspect presented by the 
control material (7a). A marked reduction of total leaf cell number also characterized the experimental material (7c). 
Figure 8 Ultrastructurally, the palisade cells of control plants of B. gymnorrhiza appeared to be generally sound (Sa), while those from the 
fluoride-treated material had degenerated (8b). C - chloroplast; N - nucleus; PP - polyphenolic deposits . 
navel orange plants, cell walls have been found to accumulate 
most of the fluoride, followed by chloroplasts, soluble protein, 
mitochondria and microsomes, in that order (Chang 1975). 
However, taking into account problems with cell fractionation, 
it might be possible that chloroplasts actually accumulate 
somewhat higher levels of fluoride than do the walls (Drury 
et a!. 1980). 
The development of chlorotic areas occurred at the leaf 
margins, and correspondingly, the cells of these areas showed 
the greatest degree of degradative change. It is probable that 
fluoride accumulation was differential within the foliar tissue 
with the highest levels being at the laminar periphery. In this 
respect, Drury et a!. (1980) have reported that in a variety 
of dicotyledonous plants fluoride tends to accumulate 
preferentially at leaf margins and tips. 
However, although the degree of intracellular degradation 
was greatest in the chlorotic areas, the more central tissue of 
the lamina, while not macroscopically chlorotic, showed a 
similar pattern of subcellular deterioration. In particular, 
chloroplasts appeared in various stages of internal disorganiza-
tion, terminating in their total degeneration. Timmermann et 
a!. (1970), working with cotton, showed a reduction in 
chloroplast number in fluoride-treated material, especially in 
the spongy mesophyll. Chang (1975) has reported that fluoride 
accumulates within chloroplasts, and fluoride-induced 
chlorosis has been correlated with reduced chlorophyll 
synthesis (Drury eta!. 1980). Fluoride has also been shown 
to interfere with the photosynthetic process (e.g. in bean) by 
the inhibition of the Hill reaction (Ballantyne 1972). There 
seems little doubt that the accumulation of fluoride in the 
leaves of B. gymnorrhiza had similar effects. 
Mitochondrial degeneration also accompanied foliar 
fluoride accumulation in B. gymnorrhiza, which is in accord 
with the fmdings of other workers experimenting with a variety 
of plants: For example, Yu & Miller (1967) investigating the 
effects of fluoride on foliar respiration in a number of species, 
suggested that alterations in enzyme stability and in the 
availability of co-factors interfered with the respiratory 
process. Those authors also reported mitochondrial fragmen-
tation with increasing fluoride concentrations. It has been 
suggested that fluoride also alters the permeability properties 
of mitochondria (Drury eta!. 1980), and this proposal might 
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Figure 9 The chloroplasts of the control leaf tissue of B. gymnorrhiza were generally organized, showing a structure commensurate with normal 
activity (9a), while those from fluoride-treated tissue showed a disorganized, ill-defined internal structure (9b) . Gr - grana; St - stroma; M 
- mitochondrion. 
well be extended to include chloroplasts. 
Fluoride-tolerant species generally accumulate this ion to 
levels higher than that in the substrate (Hitchcock et a!. 1971; 
Drury eta!. 1980). However, the situation would appear to 
be the reverse with the two mangrove species investigated 
under the conditions of the present experiment. A. marina 
is more tolerant and yet accumulates less fluoride than does 
B. gymnorrhiza [11 and 31 J.lg g _, in roots and leaves, 
respectively, for A. marina as opposed to 48 and 144 J.lg g - 1 
for leaves and roots of B. gymnorrhiza (Figures 2a & b)]. In 
fact, the fluoride content of leaves of the control B. 
gymnorrhiza is slightly higher than that of leaves of A. marina 
exposed to 50 p.p.m. F - (Figure 2a). When A. marina leaves 
were sampled from sites exposed to fluoride as an atmospheric 
pollutant, mean foliar tissue fluoride levels were found to be 
131 ± 54 J.lg g- 1, with leaf injury symptoms rarely occurring 
(Murray 1981). Such foliar tissue fluoride levels, although 
considerably higher than the levels accumulated in material 
in the present experiment, are nevertheless far lower than foliar 
tissue contents accumulating in fluoride-tolerant mesophytes 
prior to any signs of damage. For example, when fluoride 
was introduced into the growth medium, tomato was found 
to accumulate fluoride to a level of 277 p.p.m. and peach 
to 220 p.p.m. (J.lg g- 1 dry matter) in the leaf tissue before 
damage became apparent (Drury et a!. 1980). Thus the 
fluoride tolerance mechanism of A. marina may be different 
from that of other fluoride-tolerant species. 
Although A. marina does exclude some salt at the root 
level, foliar excretion of absorbed salt occurs (Drennan & 
Berjak 1982; Drennan & Pammenter 1982), and in A. marina 
plants exposed to fluoride in the substrate, this excreted 
material contains considerable quantities of fluoride (Figure 
2c). Thus, it is suggested that the ability of A. marina to 
tolerate fluoride is at least partly a result of this halogen being 
co-excreted with chloride. However, tissue fluoride contents 
in A. marina sampled at particular sites by Murray (1981) 
were sometimes found to be consistent with injury to even 
the most fluoride-tolerant mesophytes, yet this mangrove 
showed little sign of classical fluoride-associated degeneration. 
This suggests that the fluoride is not only excreted as is the 
chloride taken up from the saline environment, but that it 
is also sequestered along with chloride while in the foliar cells 
(Berjak 1978). 
B. gymnorrhiza, on the other hand, does not excrete salt, 
its main salinity-tolerance mechanism being almost complete 
salt exclusion (Scholander et a!. 1966). Thus, there is 
presumably also no fluoride-elimination mechanism and once 
full foliar expansion has occurred fluoride can accumulate to 
damaging levels, after which the leaves are abscised. (As all 
the material excreted by A. marina during the experimental 
period was not collected, comparisons cannot presently be 
drawn between the relative rates of fluoride uptake by this 
species and B. gymnorrhiza). 
While much of the fluoride cycled by the plants in the 
mangrove ecosystem may be flushed out by tidal inundation, 
fluoride could well accumulate in those areas of the swamp 
not regularly flushed by the tides . Decaying, fluoride-
containing plant material is thought to liberate this halogen 
in the free, inorganic form, which is incorporated into the 
humus layer (Murray 1981). This may well occur in the case 
of abscissed leaves of B. gymnorrhiza, whereas the saline 
excretion of A . marina has been observed to flow down to 
the ground from the aerial parts of the plant, and is also 
washed down by rain . Mangrove regions are noted for their 
high productivity and are important as habitats for 
invertebrates and the juvenile forms of many marine fish (van 
der Elst 1977). The accumulation of fluoride by plants, 
tolerant or otherwise, makes this ion further available to 
animal species. This could directly affect certain animals [e.g. 
amphipods, which are directly affected by dissolved fluoride 
(Connell & Airey 1982)] and would also have deleterious 
consequences for sensitive species at the lower levels of the 
food web. In addition, a concentration of the element through 
tolerant animal species would occur, to the detriment of 
sensitive predator species. 
Because of the different responses of A. marina and B. 
gymnorrhiza to fluoride, a probable consequence of the 
discharge of this pollutant into a local mangrove area is the 
ultimate conversion of the swamp into a mono-specific A. 
marina stand. [It is unlikely that Rhizophora mucronata, a 
S. Afr. J. Bot., 1985, 51(6) 
local species closely related to B. gymnorrhiza and with a 
similar salt tolerance mechanism (Berjak et a/. 1977), is 
fluoride-tolerant]. This could have an effect on those com-
ponents of the mangrove fauna largely dependent on rhizo-
phoraceous leaf litter generally, or that of B. gymnorrhiza 
in particular [e.g. the grapsid, Sesarma meinertii (Berjak et 
a/. 1977)], as well as on detritivores, thus bringing about 
changes and probably a general reduction in species diversity. 
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